Renewable and Sustainable Energy Reviews 16 (2012) 1537-1556 


Contents lists available at SciVerse ScienceDirect 


Renewable and Sustainable Energy Reviews 


ee 
ee 


ELSEVIER journal homepage: www.elsevier.com/locate/rser 


(mos 


Water desalination systems powered by renewable energy sources; Review 


A.M.K. El-Ghonemy* 


Engineering College, Al-Jouf University, Saudi Arabia 


ARTICLE INFO ABSTRACT 
Article history: Water and energy are two of the most importan 
Received 15 June 2011 ment agenda. The social and economic health 


Received in revised form 27 October 2011 
Accepted 6 November 2011 
Available online 18 January 2012 


energy and water. Many areas worldwide 
dent on desalination as a highly reliabl 
market has greatly expanded in recent de@ades an 
gration of renewable energy reso ie clesalinatio ater purification is becoming increasingly 


a ace energy sources (RES) attractive. This is justified by th shortages have plenty of solar energy and 
Desalination these technologies have low o 

Seawater reverse osmosis (SWRO) The present paper present: ork that has been achieved during the recent years 
Membrane systems (RO&ED) in the field of desalination by , with emphasis on technologies and economics. The 
Thermal systems (phase change) review also includes water so ailability of potable water and purification methods. 
Photovoltaic A comparative st le energy technologies powered desalination systems 
ee ao as well as perfor e been done. Finally, some general guidelines are given for 

olar stl 


selection of desali le energy systems and the parameters that need to be considered. 


Solar tower © 2011 Elsevier Ltd. All rights reserved. 


Solar parabolic trough 
Solar dish 


Contents 


1. Introduction....................08. 
1.1. Natural water resources 
1.2. Water demand and c 
1.3. The need for desalin 
1.4. 


3.1. Potential of solar energy... 
3.2. Photovoltaic (PV) energy..............ceeee eee eeee 
3.3. Thin-film photovoltaic ...................... 

3.4. Concentrating photovoltaic 


* Tel.: +966 595188023. 
E-mail address: anghonemy@yahoo.com 


1364-0321/$ - see front matter © 2011 Elsevier Ltd. All rights reserved. 
doi:10.1016/j.rser.2011.11.002 


1538 A.M.K. El-Ghonemy / Renewable and Sustainable Energy Reviews 16 (2012) 1537-1556 
4. Concentrating Solar thermal power js.ccc sci. cern orontis santei seed EERTE EE E PECE hamaga reneged ee aoe eeeedaae SE EE daesaud. des KE cane sae se 1549 
5. Different combination between RES and desalination SySteMs........... 0... cece cece eee e eee eee e eee eee e eee eect e eect teense tseeeeteaeneeeeaes 1550 
5:1.  Photovoltaic:and RO(PV/RO) combination seesi siate epo vested rrewhsarceeleia cenaearweed E owelaie deasdees Cabaewe EOR EDS 1550 
5.2. Concentrating solar thermal driven desalination. ............csccenscneccnsccnsccssceesenscesscesecensceeseaeceasctesceesseeseecesecsnseses 1551 
5.3. “Wind energy and: RO (WIND/RO): 25.3. iss sata cates asGeerarenedes dambaranenedie waa wacneed Re date ais Heetaie’ ¢6ab40RN Soda dmhe EEES 1551 
5A.. | Hybrid units (PV/wind/batteries/RO) tats crassa cwsdssatessias cee sdasetesa ean osha aad cosa asines a ETE EEE EE aes eeeaee seeks as Oa iss 1553 
6. <ECOMOMIC:ANALYSIS |: x sicsccesaassnesdevdsesa swe cred web ea tases das EDET EEE E adeedsevaced ans aveaee heetana g.echauacs E apd eg od bal ee dared dos EA ERE 1553 
Te: - Decision support tO0l (DST). ciacevcsumresteacedewa sl ceebladseciawdsseisdne tence EE AEE dant iesamaide EN E NO E a ved See werd A EA laden EEAS 1554 
8;. CCONGUSION s sic sciiceses Sua none rena nenk OE atte hed a AEE A EEE EEEE sees kinds EE EE OENE 4 aia ad A REDARE EAE 1555 
Appendix:A; ‘GloSSaLy Jove. wikeeetadinvaanetecesqejedss evga toe EE EE tween N E E daSemn ven uneau edhe tmanalge E E rue aateescuieaeess 1555 
References nonsen nne EEE cam EN aie-rincca ak peda IEE th AEE EAE nema sadam acdardlae Ea e AEDI ERE 1556 
Nomenclature 
RE/RO renewable energy 
AC alternative current tions 
ADS autonomous desalination system RES renewable ene 
BOE barrel of oil equivalent RO reverse osm, 
BW brackish water SCA 
BWRO brackish water reverse osmosis SEGS 
Cds compounds of cadmium sulphide Si 
CLFR compact linear Fresnel reflector SW 
CPC compound parabolic collectors SW-RO 
CTC cylindrical trough collector version Corporation 
CPV concentrating photovoltaic bds contained in water 
CR concentration ratio is defined as the aperture area 
divided by the receiver/absorber area of the collec- 
tor mpression which can be thermal (TVC) or 
Cu2S cuprous sulphide 
DC direct current 
DOD maximum depth of discharge (for batteries) ND/RO_ wind energy and reverse osmosis combinations 
DST decision support tool software 
E; load energy mbol 
ED electro-dialysis efficiency 
ER-RO energy recovery reverse osmosis sys 
ETC evacuated tube collector Subscripts 
FPC flat plate collector e effective 
GaAs gallium arsenide p peak 
GCC gulf cooperation council 
GOR gain output ratio—the 
(distillate) to steam, 1. Introduction 
GWp gega watt (as pe 
HFC heliostat field r 1.1. Natural water resources 
kW kilowatt 
kWh kilowatt-H Water is one of the most abundant resources on Earth, covering 
KJC nction, California three-fourths of the planet’s surface. About 97% of the Earth’s water 
RO is salt water in the oceans and 3% is fresh water contained in the 
LFR poles (in the form of ice), ground water, lakes and rivers, which 
LTV supply most of human and animal needs. Nearly, 70% from this 
ME tiny 3% of the world’s fresh water is frozen in glaciers, permanent 
MEB snow cover, ice and permafrost. Thirty percent of all fresh water 
MEE is underground, most of it in deep, hard-to-reach aquifers. Lakes 
MES and rivers together contain just a little more than 0.25% of all fresh 
MF micro-filfYation water; lakes contain most of it [1,2]. 
MSF multi-stage flash 
MW megawatt 1.2. Water demand and consumption 
NF nanofiltration 
NREL5 US National Renewable Energy Laboratory Man has been dependent on rivers, lakes and underground 
O&M operation and maintenance water reservoirs for fresh water requirements in domestic life, agri- 
PPM parts per million (milligram per liter) culture and industry. About 70% of total water consumption is used 
PR performance ratio by agriculture, 20% is used by the industry and only 10% of the water 
PTC parabolic trough collector consumed worldwide is used for household needs [1]. 
(PV-RO) photovoltaic-powered reverse osmosis system However, rapid industrial growth and the worldwide popula- 
PV/RO photovoltaic and RO combination tion explosion have resulted in a large escalation of demand for 
fresh water, both for the household needs and for crops to produce 
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adequate quantities of food. Added to this is the problem of pollu- 
tion of rivers and lakes by industrial wastes and the large amounts 
of sewage discharged. In total, water demand doubles every 20 
years, so the water emergency situation is certainly very alarming 
[1,2]. 


1.3. The need for desalination 


The only nearly inexhaustible sources of water are the oceans. 
Their main drawback, however, is their high salinity. Therefore, 
it would be attractive to tackle the water-shortage problem with 
desalination of this water. 

Desalinize in general means to remove salt from seawater or 
generally saline water. According to World Health Organization 
(WHO), the permissible limit of salinity in water is 500 parts per 
million (ppm) and for special cases up to 1000 ppm, while most 
of the water available on Earth has salinity up to 10,000 ppm, and 
seawater normally has salinity in the range of 35,000-45,000 ppm 
in the form of total dissolved salts [1,2]. 

Excess water salinity causes the problem of taste, stomach prob- 
lems and laxative effects. The purpose of a desalination system is 
to clean or purify brackish water or seawater and supply water 
with total dissolved solids within the permissible limit of 500 ppm 
or less. This is accomplished by several desalination methods that 
will be analyzed in this paper. 


1.4. Desalination and energy 


In general, energy is as important as water for the development 
of good standards of life because it is the force that puts in 
tion all human activities. Desalination processes require sig 
quantities of energy to achieve separation of salts from sea 
The dramatic increase of desalinated water supply will cre 
series of problems, the most significant of which 2 


use of fossil fuels. Renewable energy syste 
sources that are freely available in nature. 


harmful effluents. Production of fi desalination 


y sources like heat 
le energy desali- 
ajority has been 


lized to achieve higher relia- 
gh renewable energy powered 
ompete with conventional systems 

Wee produced, they are applicable in cer- 
ikely to become more widely feasible solutions 


1.5. Desalination market 


Many areas worldwide that suffer from fresh water shortage 
are increasingly dependent on desalination, as a highly reliable 
and non-conventional source of fresh water. Desalination market 
has greatly expanded in recent decades and they are expected to 
continue expanding in the coming years. 

Seawater desalination is being applied at 58% of installed capac- 
ity worldwide, followed by brackish water desalination accounting 
for 23% of installed capacity [1,2]. Fig. 1 outlines the global desalting 
capacity ranked according to feed water sources. 


others 
2% 


pure water 
5% 


Waste water 
5% 


Brackish water 
23% 


River water Sea water 
7% 58% 


Fig. 1. Global installed desalination capacity by feed-water sources [1]. 


1.6. Objectives 


ses. In the thermal processes (phase-change), the 
ater is achieved by utilizing a thermal energy 
al energy may be obtained from a conventional 


rgy source or geothermal energy. In the membrane processes, 
ity is used either for driving high-pressure pumps or for 
ion of salts contained in the seawater. 

Commercial desalination processes based on thermal energy are 
multi-stage flash (MSF) distillation, multiple effect boiling (MEB) 
and vapor compression (VC), which could be thermal (TVC) or 
mechanical (MVC). MSF and MEB processes consist of a set of 
stages at successively decreasing temperature and pressure. MSF 
process is based on the generation of vapor from seawater or 
brine due to a sudden pressure reduction when seawater enters 
an evacuated chamber. The process is repeated stage by stage at 
successively decreasing pressure. This process requires an external 
steam supply, normally at a temperature around 100°C. The max- 
imum temperature is limited by the salt concentration to avoid 
scaling and this maximum limits the performance of the process. 
On MEB, vapors are generated due to the absorption of thermal 
energy by the seawater. The steam generated in one stage or effect 
is able to heat the salt solution in the next stage because the next 
stage is at a lower temperature and pressure. The performance of 
the MEB and MSF processes is proportional to the number of stages 
or effects. MEB plants normally use an external steam supply at a 
temperature of about 70°C. On TVC and MVC, after initial vapor 
is generated from the saline solution, this vapor is thermally or 
mechanically compressed to generate additional production. 

Not only distillation processes involve phase change, but also 
freezing and humidification/dehumidification processes. The con- 
version of saline water to fresh water by freezing has always existed 
in nature and has been known to man for thousands of years. In 
desalination of water by freezing, fresh water is removed and leave 
behind concentrated brine. It is a separation process related to the 
solid-liquid phase change phenomenon. When the temperature of 
saline water is reduced to its freezing point, which is a function 
of salinity, ice crystals of pure water are formed within the salt 
solution. These ice crystals can be mechanically separated from the 
concentrated solution, washed and re-melted to obtain pure water. 
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Table 1 Table 2 
Desalination processes [2]. The most promising and applicable RES-desalination combinations [2]. 
I-Phase-change processes: RES technology Feed water salinity Desalination technology 
1-1, Multi-stage flash (MSF) Solar thermal Seawater Multiple effect boiling (MEB) 
l-2. Multiple effect boiling (MEB) s . Multi-stage flash (MSF 
I-3. Vapor compression (VC) Cawaler ulti-stage flash ( ) 
l-4. Freezing Photovoltaic Seawater Reverse osmosis (RO) 
I-5. Humidification/dehumidification Brackish water Reverse osmosis (RO) 
1-6. Solar stills: Brackish water Electrodialysis (ED) 
a. Conventional stills 
b. Special stills Wind energy Seawa er Reverse osmosis (RO) 
c. Cascaded type solar stills Brackish water Reverse osmosis (RO) 
d. Wick-type stills Seawater Mechanical vapor compression (MVC) 
e. Multiple-wick-type stills Geothermal Seawater Multiple effgetmiegiling (MEB) 


Il-Membrane processes 
Il-1. Reverse osmosis (RO): 
a. RO without energy recovery 
b. RO with energy recovery (ER-RO) 
Il-2. Electro-dialysis (ED) 
Il-3. Nanofiltration 


Therefore, the basic energy input for this method is for the refrigera- 
tion system [2]. Humidification/dehumidification method also uses 
arefrigeration system but the principle of operation is different. The 
humidification/dehumidification process is based on the fact that 
air can be mixed with large quantities of water vapor. Additionally, 
the vapor carrying capability of air increases with temperature [2]. 
In this process, seawater is added into an air stream to increase its 
humidity. Then this humid air is directed to a cool coil on the sur- 
face of which water vapor contained in the air is condensed and 
collected as fresh water. These processes, however, exhibit some 
technical problems which limit their industrial development. As 
these technologies have not yet industrially matured, they ar 
included in this paper. 

The other category of industrial desalination processes does 
involve phase change but membranes. These are the reverse osm 
sis (RO) and electro-dialysis (ED). The first one requg 
or shaft power to drive the pump that increases t4 
saline solution to that required. The required 4 
the salt concentration of the resource of sali 


ation to preheat the feed while at the same 
m to produce fresh water. The energy require- 


ed per unit mass (kg) of steam or per 2326 kJ heat 
ich corresponds to the latent heat of vaporization at 73 °C. 
sional ratio in kg/2326 kJ is known as the performance 
10, PR [2]. The operating principle of membrane processes leads 
to the direct production of electricity from solar or wind energy, 
hich is used to drive the plant. Energy consumption is usually 
expressed in kWhe/m? [2]. 


2.1, Thermal processes (phase change) 


The thermal processes can be subdivided into the following pro- 
cesses. 


are MSF and RO, which : 2.1.1. Multistage flash evaporation (MSF) 

ity, respectively [1,2]. The MSF process is composed of a series of elements called 
of the thermal pro O process represents stages. In each stage, condensing steam is used to preheat the 
more than 88% of duction [2]. All the above seawater feed. By fractionating the overall temperature differen- 
tial between the warm source and seawater into a large number 


processes arg ribed in more detail in the : 
present sę of stages, the system approaches ideal total latent heat recovery. 
Solar e ; seawater desalination either by Operation of this system requires pressure gradients in the plant. 


The principle of operation is shown in Fig. 2 Current commer- 
cial installations are designed with 10-30 stages (2 °C temperature 
drop per stage). 

A practical cycle representing the MSF process is shown in 
Fig. 3. The system is divided into heat-recovery and heat-rejection 


producing the 
processes or by B 


Mal energy required to drive the phase change 
ing electricity required to drive the mem- 
brane processes. So salination systems are thus classified into 
two categories, i.e. direct and indirect collection systems. As their 
name implies, direct collection systems use solar energy to pro- 
duce distillate directly in the solar collector, whereas in indirect 
collection systems, two sub-systems are employed (one for solar 
energy collection and one for desalination). Conventional desali- 
nation systems are similar to solar systems since the same type of 
equipment is applied. The prime difference is that in the former, 
either a conventional boiler is used to provide the required heat 
or mains electricity is used to provide the required electric power, 
whereas in the latter, solar energy is applied. The most promis- 
ing and applicable renewable energy systems (RES) desalination 
combinations are shown in Table 2. Fig. 3. A multi-stage flash (MSF) process plant [2]. 
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sections. Seawater is fed through the heat-rejection section, which 
rejects thermal energy from the plant and discharges the product 
and brine at the lowest possible temperature. The feed is then 
mixed with a large mass of water, which is re-circulated around the 
plant. This water then passes through a series of heat exchangers 
to raise its temperature. The water next enters the solar collector 
array or a conventional brine heater to raise its temperature 
to nearly the saturation temperature at the maximum system 
pressure. The water then enters the first stage through an orifice 
and in so doing has its pressure reduced. Since, the water was 
at the saturation temperature for a higher pressure, it becomes 
superheated and flashes into steam. The vapor produced passes 
through a wire mesh (demister) to remove any entrained brine 
droplets and thence into the heat exchanger, where it is condensed 
and drips into a distillate tray. This process is repeated through 
the plant as both brine and distillate streams flash as they enter 
subsequent stages, which are at successively lower pressures. 

In MSF, the number of stages is not tied rigidly to the PR required 
from the plant. In practice, the minimum must be slightly greater 
than the PR, while the maximum is imposed by the boiling-point 
elevation. The minimum inter-stage temperature drop must exceed 
the boiling-point elevation for flashing to occur at a finite rate. 
This is advantageous because as the number of stages is increased, 
the terminal temperature difference over the heat exchangers 
increases and hence less heat transfer area is required with obvious 
savings in plant capital cost [2]. 

MSF is the most widely used desalination process in terms of 
capacity. This is due to the simplicity of the process, performance 
characteristics and scale control [2]. A disadvantage of MSF is that 
precise pressure levels are required in the different stages and 
therefore some transient time is required to establish the 
running operation of the plant. This feature makes the M 
tively unsuitable for solar energy applications unless a storag 
is used for thermal buffering [2]. 

Moustafa et al. [8] reported on the performa 
solar MSF desalination system tested in Ku 
sisted of a 220m? parabolic trough colle 
storage and a 12-stage MSF desalinatio 
age system was used to level off th supply and 
ø periods of 


The MEB process 
elements, whichare ca 
as heating 
evaporatig 


m from one effect is used 
while condensing, causes 


ere, while condensing, it makes 
porate and so on. For this procedure 


Fig. 4. Principle of operation of a multiple-effect boiling (MEB) system [2]. 


Fig. 5. Long tube vertical (LT 


to be possible, the heated effggt mů 


In this process, vapo 
the majority of thei 


the heating steam raises its temperature to the 
ature for the effect pressure further amounts of 
a solar collector system or from a conventional 
to produce evaporation in this effect. The vapor 
n goes, in part, to heat the incoming feed and, in part, to provide 
supply for the second effect, which is at a lower pressure 
Ceives its feed from the brine of the first effect. This process 
is repeated all the way through (down) the plant. The distillate also 
passes down the plant. Both the brine and distillate flash as they 
travel down the plant due to progressive reduction in pressure [2]. 

There are many possible variations of MEB plants, depending 
on the combinations of heat-transfer configurations and flow-sheet 
arrangements used. Early plants were of the submerged tube design 
and used only two to three effects. In modern systems, the problem 
of low evaporation rate has been resolved by making use of the thin 
film designs with the feed liquid distributed on the heating surface 
in the form ofa thin film instead of a deep pool of water. Such plants 
may have vertical or horizontal tubes. The vertical tube designs 
are of two types: climbing film, natural and forced circulation type 
or long tube, vertical (LTV), straight falling film type. In the LTV 
plants shown in Fig. 5, the brine boils inside the tubes and the steam 
condenses outside. In the horizontal tube, falling-film design, the 
steam condenses inside the tube with the brine evaporating on the 
outside. 

With multiple evaporation, the underlying principle is to make 
use of the available energy of the leaving streams of a single- 
evaporation process to produce more distillate. 

Another type of MEB evaporator is the multiple effect stack type 
(MEB-MES). This is the most appropriate type for solar energy appli- 
cation. It has a number of advantages, the most important of which 
is its stable operation between virtually 0 and 100% output even 
when sudden changes are made and its ability to follow a varying 
steam supply without upset [2]. In Fig. 6, a four-effect MES evapora- 
tor is shown. Seawater is sprayed into the top of the evaporator and 
descends as a thin film over the horizontally arranged tube bundle 
in each effect. In the top (hottest) effect, steam from a steam boiler 
or from a solar collector system condenses inside the tubes. Because 
of the low pressure created in the plant by the vent-ejector system, 
the thin seawater film boils simultaneously on the outside of the 


1542 A.M.K. El-Ghonemy / Renewable and Sustainable Energy Reviews 16 (2012) 1537-1556 


ist EFFECT 


PREHEATER 


FEEDWATER 
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Fig. 6. Schematic of the MEB process with the multi effect stack type evapora 
(MEB-MES) [2]. 


condensing steam. 
The seawater falling to the floor of 
flashing through nozzles into the sec 


the product. Furthermore, t 
external cooler seawater 

The evaporation—co 
to effect in the plant, c 
inside the tubes of_each 


ter to the plant. After being 
e forming compounds, the feed- 
ough a series of pre-heaters that 
or from each effect to raise its temperature 
gradually, before it ayed into the top of the plant. The water 
produced from each éffect is flashed in a cascade down the plant 
so that it can be withdrawn in a cool condition at the bottom of 
the stack. The concentrated brine is also withdrawn at the bottom 
of the stack. The MES process is completely stable in operation and 
automatically adjusts to changing steam conditions even if they are 
suddenly applied, so it is suitable for load-following applications. 
It is a once-through process that minimizes the risk of scale for- 
mation without incurring a large chemical scale dosing cost. The 
typical product purity is less than 5 ppm TDS and does not deteri- 
orate as the plant ages. Therefore, the MEB process with the MES 
type evaporator (MEB-MES) appears to be the most suitable for use 
with solar energy. 


use a little of thé 


Unlike the MSF plant, the performance ratio for an MEB plant is 
more rigidly linked to and cannot exceed a limit set by the number 
of effects in the plant. For instance, a plant with 13 effects might typ- 
ically have a PR of 10. However, an MSF plant with a PR of 10 could 
have 13-35 stages depending on the design. MSF plants have a max- 
imum PR of approximately 13. Normally, the figure is between 6 
and 10. MEB plants commonly have performance ratios as high as 
12-14 [2]. The main difference between this process and the MSF 
is that the steam of each effect just travels to the following effect, 
where it is immediately used for preheating the feed. This process 
requires more complicated circuit equipment than the MSF; on the 
other hand, it has the advantage that is suitable for solar energy uti- 
lization because the levels of operating tg e and pressure 
equilibrium are less critical [2]. 

A 14-effect MEB plant with a 
coupled with 2672 m? paraboli 


f the evaporator tube- 
that the efficiency of the 


s details of a MEB-MES system powered with 
be collectors. The system is installed in Abu 
mirates. A computer program was developed 


its performance, i.e. the collector area in service, the high 
e collector set point and the heating water flow rate. 
um daily distillate production corresponding to the opti- 
um operating conditions was found to be 120 m?/day, which can 
e obtained for 8 months of the year. 


2.1.3. Vapour compression (VC) 

In a VC plant, heat recovery is based on raising the pressure of 
the steam from a stage by means of a compressor, see Fig. 7. The 
condensation temperature is thus increased and the steam can be 
used to provide energy to the same stage it came from or to other 
stages [1-7]. As in a conventional MEB system, the vapor produced 
in the first effect is used as the heat input to the second effect, 
which is at a lower pressure. The vapor produced in the last effect 


Preheated SW 


Preheater 


Compressed vacuum Fresh 
Steam Water 
Prine: 4 Saline 

Discharge Feed 


(heat recovery) 


Fig. 7. Schematic diagram of a single stage mechanical vapor compression desali- 
nation process [1]. 
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is then passed to the vapor compressor, where it is compressed and 
its saturation temperature is raised before it is returned to the first 
effect. The compressor represents the major energy input to the 
system and since the latent heat is effectively recycled around the 
plant, the process has the potential for delivering high PR [2]. 

Parametric cost estimates and process designs have been carried 
out and show that this type of plant is not particularly convenient, 
unless it is combined with an MEB system. 

Furthermore, it appears that the mechanical energy require- 
ments have to be provided with a primary drive such as a diesel 
engine, and cooling the radiator of such an engine provides more 
than enough heat for the thermal requirements of the process, 
making the solar collector system redundant [2]. Therefore, the 
VC system can be used in conjunction with an MEB system and 
operated at periods of low solar radiation or overnight. 

Vapor compression systems are subdivided into two main cate- 
gories: mechanical vapor compression (MVC) and thermal vapor 
compression (TVC) systems. The mechanical vapor compression 
systems employ a mechanical compressor to compress the vapor, 
whereas the thermal one utilize a steam jet compressor. The main 
problems associated with the MVC process are [2]: 


(i) Vapor containing brine is carried over into the compressor and 
leads to corrosion of the compressor blades. 

(ii) There are plant-size limitations because of limited compressor 
capacities. 


Thermal vapor systems are designed for projects, where steam is 
available. The required pressure is between 2 and 10 bar and due to 
the relatively high cost of the steam, a large number of evaporamive- 
condenser heat recovery effects are normally justified. 

Thermal performance and energy analysis of a TVC sys 
presented by Hamed et al. [9] and they found that: 


plant. 
(2) The performance ratios of t 


temperature. 
Or compression 


ermo-compressor, equal to 17%. 
an be significantly reduced by increasing the 
number of% and the thermo-compressor entrainment 
ratio (vapor tawen from evaporator and compressed by ejec- 
tor), or by decreasing the top brine and first-effect heat input 
temperatures. 


(5) Energy Id 


Finally, Eltawil et al. [1] explained simply the basic theory of a 
VC process that, the input energy is accomplished by a work device 
(compressor). Seawater feed is initially heated in a liquid/liquid 
heat exchanger by the blow down and product streams and further 
warmed by thermal rejection from the compressor. The feed then 
enters the evaporator where it evaporates. The produced vapor in 
the evaporator is then passed to the vapor compressor where it is 
compressed; its temperature is being raised in this process. It then 


Table 3 
Relative power requirements of desalination processes (assumed conversion effi- 
ciency of electricity generation of 30% [2]). 


Process Heat input (kJ/kg of Mechanical power Prime energy 
product) input (kWh/m?) cons. (kJ/kg)? 

MSF 294 2.5:4 338.4 

MEB 123 2.2 149.4 

VC N/A 8:16 192 

ED N/A 12 144 

Solar still 2330 0.3 2333.6 

RO N/A 5:13 120 

ER-RO N/A 4:6 60 


condensed to 
product, see Fig. 7. 


2.1.4, Freezing 
This one of commonl 


water feed. The butane vapor- 


ped to a washer-melter where the slurry rises 
and the ice crystals are compacted into a porous 
s removed upward by a slight positive pressure 
ine flowing through the bed and outward through 
eens positioned near the middle of the column. The rising ice 
ashed with less than 5% of the total product. The ice is 
moved by means of mechanical scrapper into the melter. 
The butane vapor which contains the heat removed to form the ice 
is compressed in the primary compressor and then introduced into 
the melter where it condenses on the ice. Heat is given up and the 
ice is melted. The condensed butane and the product water flow 
together to descanting unit where the two liquids are separated. 

The relative power requirements for the various types of desali- 
nation processes are listed in Tables 3 and 4. It is clear from the data 
presented in the table that thermal desalination process requires 
more total energy than RO processes per unit volume of treated 
water [1,2]. 


2.1.5. Solar distillation 

The other non-conventional methods to desalinate brackish 
water or seawater, is solar distillation. Comparatively, this requires 
a simple technology which can be operated by non-skilled work- 
ers. Also due to the low maintenance requirement, it can be used 
anywhere with lesser number of problems. It utilizes the evapora- 
tion and condensation processes. The principle of solar distillation 
is based on the fact that glass and other transparent materials have 
the property of transmitting incident short-wave solar radiation. 
This radiation can pass through the glass into the still and heat the 
water contained in it [10-21]. 

Arepresentative example of direct collection systems is the con- 
ventional solar still, which uses the greenhouse effect to evaporate 
salty water. It consists of a basin, in which a constant amount of 
seawater is enclosed in a ‘V’-shaped glass envelope, see Fig. 8. The 
sun’s rays pass through the glass roof and are absorbed by the black- 
ened bottom of the basin. As the water is heated, its vapor pressure 
is increased. The resultant water vapor is condensed on the under- 
side of the roof and runs down into the troughs, which conduct the 
distilled water to the reservoir. The still acts as a heat trap because 
the roof is transparent to the incoming sunlight, but it is opaque to 
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Table 4 
Relative power requirements of desalination processes [1]. 
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Process Gain output ratio (GOR) Electric energy. cons. (kWh/m?) Thermal energy Cons. (kWh/m?) Total energy cons. (kWh/m?) 
MSF 08:12 3.25:3.75 6.75:9.75 10.5:13 

MED 08:12 2.5:2.9 4.5:6.5 74:9 

MED-TVC 08:14 2:2.5 6.5:12 9:14 

MVC N/A 9.5:17 N/A 9.5:17 

BWRO N/A 1:2.5 N/A 1:2.5 

SWRO N/A 4.5:8.5 N/A 4.5:8.5 


the infrared radiation emitted by the hot water (greenhouse effect). 
The roof encloses the entire vapor, prevents losses, and keeps the 
wind from reaching and cooling the salty water. 

Fig. 8 shows the various components of a conventional double 
slope symmetrical solar distillation unit (also known as roof type 
or greenhouse type solar still). The still consists of an air tight basin, 
usually constructed out of concrete/cement, galvanized iron sheet 
(GI) or fiber reinforced plastic (FRP) with a top cover of transparent 
material like glass or plastic. The inner surface of the base known as 
the basin liner is blackened to absorb efficiently the solar radiation 
incident on it. There is a provision to collect distillate output at the 
lower ends of top cover. The brackish or saline water is fed inside 
the basin for purification using solar energy. 

The stills require frequent flushing, which is usually done dur- 
ing the night. Flushing is performed to prevent salt precipitation 
[2]. Design problems encountered with solar stills are brine depth, 
vapor tightness of the enclosure, distillate leakage, methods of ther- 
mal insulation, and cover slope, shape and material [1,2]. A typical 
still efficiency, defined as the ratio of the energy utilized in vapor- 
izing the water in the still to the solar energy incident on the 
glass cover, is 35% (maximum) and daily still production is a 
3-4L/m2 [1,2]. 

Several attempts have been made to use cheaper materials s 
as plastics. These are less breakable, lighter in weight_for tran 


by many authors [1,2,10,11]. On the 
and mode of operations introduc 


energy from any che 
[1,2]. If no such external 


able in the litg 


vapor 


a 


Salt water 


Distilled water a 


Fig. 8. The basic design of a solar distillation [1]. 


still with passive condenser, double condensing chamber solar still, 
vertical solar still, conical solar still, inverted absorber solar still and 
multiple effect solar still [2]. 

The following other techniques to 
stills has been recommended as revi 


use of black napthal 
still output could 


2. ining its bed with charcoal. 
l leads to'a marked reduction in start- 
up ti the charcoal partially immersed in 
black color and surface roughness 

thermal inertia. 
3. -basin type solar still. This still provides a 


fresh water produced as compared to a stan- 
ing on the intensity of solar radiation. The idea 
s, one on top of the other, the top one being made 


mpared the performance of single and double-basin solar 
stills [2]. 

. Developing a simple multiple-wick-type solar still in which 
blackened wet jute cloth forms the liquid surface. Jute-cloth 
pieces of increasing lengths were used, separated by thin black 
polyethylene sheets resting on foam insulation. Their upper 
edges are dipped in a saline water tank, where capillary suction 
provides a thin liquid sheet on the cloth, which is evaporated by 
solar energy. The results showed a 4% increase in still efficiency 
above conventional stills. 


Evidently, the distance of the gap between the evaporator tray 
and the condensing surface (glass cover) has a considerable influ- 
ence on the performance of a solar still which increases with 
decreasing gap distance. This led to the development of different 
categories of solar stills, namely, the cascaded type solar still [2]. 
This consists mainly of shallow pools of water arranged in cascade, 
as shown in Fig. 10, covered by a slopping transparent enclosure. 


INFLATED PLASTIC COVER DESIGN GREENHOUSE TYPE SOLAR STILL 


V-SHAPE PLASTIC COVER DESIGN INCLINED GLASS COVER DESIGN 


Fig. 9. Common designs of solar stills [2]. 
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Fig. 10. Schematic of a cascaded solar still [2]. 


The evaporator tray is usually made of a piece of corrugated alu- 
minum sheet (similar to the one used for roofing) painted flat black. 

The meteorological parameters, namely wind velocity, solar 
radiation, sky temperature, ambient temperature, salt concentra- 
tion, algae formation on water and mineral layers on basin liner 
affect significantly the performance of solar stills. For better per- 
formance of a conventional solar still, the following modifications 
were suggested by various researchers [2]: 


- Reducing bottom loss coefficient. 
- Reducing water depth in basin/multi-wick solar still. 
- Using reflector. 

- Using internal and external condensers. 
- Using back wall with cotton cloth. 

- Use of dye. 

- Use of charcoal. 

- Use of energy storage element. 

- Use of sponge cubes. 

- Multi-wick solar still. 

- Condensing cover cooling. 

- Inclined solar still. 

- Increasing evaporative area. 


It is observed that there is about a 10 
daily yield of solar stills due to variations į 
parameters within the expected rang 


systems Wepends on 
, the maintenance 


capital cost of equipment per unit of 
as the capacity increases. This means that solar 
distillation ma pore attractive than other methods for small 
sizes. Also, it has Been reported that the solar distillation plants 
having capacity less than 200 m3/day are more economical than 
other plants. 

In conclusion, solar stills are the cheapest, with respect to their 
initial cost, of all available desalination systems in use today. This 
is a direct collection system, which is very easy to construct and 
operate. The disadvantage of solar stills is the very low yield, which 
implies that large areas of flat ground are required. Itis questionable 
whether solar stills can be viable unless a cheap, desert-like land is 
available near the sea. However, obtaining fresh water from saline 
or brackish water with solar stills is useful for arid and remote areas, 
where water supply is available. 
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Fig. 11. Schematic of a simple reverse osmosis (RO) system [1]. 


2.2. Membrane processes 


The thermal processes can be suh 
cesses. 


2.2.1. Reverse osmosis (RO 


membranes which, 
tion, allow fresh 
the influence 
value is appli 


the feed water at a pressure above the 
ice, higher pressures must be used, typi- 


ized by a high-pressure pump and made to flow 
ane surface. Part of this feed passes through the 


ure. In larger plants, it is economically viable to recover the 
brine energy with a suitable brine turbine. Such systems 
re cdlled energy recovery reverse osmosis (ER-RO) systems. 

Solar energy can be used with RO systems as a prime mover 
source driving the pumps [1] or with the direct production of elec- 
tricity through the use of photovoltaic panels [1-3]. Wind energy 
can also be used as a prime mover source. As the unit cost of the 
electricity produced from photovoltaic cells is high, photovoltaic- 
powered RO plants are equipped with energy-recovery turbines. 
The output of RO systems is about 500-1500 L/day per square meter 
of membrane, depending on the amount of salts in the raw water 
and the condition of the membrane. The membranes are in effect 
very fine filters, and are very sensitive to both biological and non- 
biological fouling. To avoid fouling, careful pre-treatment of the 
feed is necessary before it is allowed to come in contact with the 
membrane surface. 

One method used recently for the pre-treatment of seawater 
before directed to RO modules is nana-filtration (NF). NF is pri- 
marily developed as a membrane softening process which offers 
an alternative to chemical softening. The main objectives of NF 
pre-treatment are [2]: 


1. Minimize particulate and microbial fouling of the RO membranes 
by removal of turbidity and bacteria. 

2. Prevent scaling by removal of the hardness ions. 

3. Lower the operating pressure of the RO process by reducing the 
feed-water total dissolved solids (TDS) concentration. 


The most important results obtained by many authors were 
reviewed and summarized as follows [1-8]: 


1. Analysis of a system using an RO desalination unit driven by PV 
panels or from a solar-thermal plant. It is concluded that due to 
the high cost of the solar equipment the cost of fresh water is 
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Fig. 12. Principle of operation of a reverse osmosis (RO) system [2]. 


about the same as with an RO system operated from the main 
power supply. 

2. Performing an energy analysis of a 7250 m? /day reverse osmosis 
(RO) desalination plant in California. The analysis of the system 
was conducted by using actual plant operation data. The RO plant 
is described in detail, and the energies across the major compo- 
nents of the plant are calculated and illustrated using energy 
flow diagrams in an attempt to assess the energy destruction 
distribution. It was found that the primary locations of energy 
destruction were the membrane modules in which the saline 
water is separated into the brine and the permeate, and the 
throttling valves, where the pressure of liquid is reduced, pres- 
sure drops through various process components, and the mixing 
chamber, where the permeate and blend are mixed. The largest 
energy destruction occurred in the membrane modules, and 
this amounted to 74.1% of the total energy input. The smallest 
energy destruction occurred in the mixing chamber. The mixing 
accounted for 0.67% of the total energy input and presents a 
atively small fraction. The second law efficiency of the plant 
calculated to be 4.3%, which seems to be low. It is shown t 
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the seawater solution is fed to one sj 
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Fig. 13. Principle of operation of electro-dialysis (ED) [2]. 
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Fig. 14. Principle of electro dialysi 


2.2.2. Electro-dialysis (E 
This system, show, works by reduc- 
ater compartment, 


an electrical potential 


ater contains dissolved salts 
rged sodium and negatively charged 
ve toward an appositively charged 
ution, i.e. positive ions (actions) will 
ctrode (cathode) and negative ions (anions) to 
(anode). If special membranes, alternatively 
d anion-permeable, separate the electrodes, 
een these membranes will be depleted of salts 
In an actual process, a large number of alternating cation and 
branes are stacked together, separated by plastic flow 
at allow the passage of water. The streams of alternat- 
g flow-spacers are a sequence of diluted and concentrated water 
hich flow in parallel to each other. To prevent scaling, inverters 
e used which reverse the polarity of the electric field every about 
20 min. 

As the energy requirements of the system are proportional to 
the water’s salinity, ED is more feasible when the salinity of the 
feed water is not more than about 6000 PPM of dissolved solids. 
Similarly, due to the low conductivity, which increases the energy 
requirements of very pure water, the process is not suitable for 
water of less than about 400 PPM of dissolved solids. 

As the process operates with DC power, solar energy can by used 
with electro dialysis by directly producing the voltage difference 
required with photovoltaic (PV) panels. 

The electro-dialysis process is based on the fact that when a 
DC current is passed through an ionic solution, positive ions will 
migrate to the cathode and negative ions will migrate to the anode. 
If we place between the anode and cathode alternately, membranes 
which will allow only the passage of positive ions and membranes 
which will allow only the passage of negative ions then alternate 
regions of high salinity and low salinity will be created between 
the appropriate membranes. The product water can then be moved 
from the low salinity region and the brine from the high salinity 
region. Fig. 14 shows the process arrangement. 


3. Renewable energy systems (RES) 


All the energy sources we are using today can be classi- 
fied into two groups; renewable and non-renewable. Renewable 
energy is derived from natural processes that are replenished con- 
stantly (electricity and heat generated from solar, wind, ocean, 
hydropower, biomass, geothermal resources, bio-fuels and hydro- 
gen derived from renewable resources) [22]. Non-renewable 
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Table 5 
The annual horizontal solar energy available in some countries [24]. 


Country Annual solar energy (kWh/m?) Peak radiation (W/m?) 
Yemrn 2170 940 
Saudi Arabia 2160 940 
Oman 2140 930 
Egypt 2050 1030 
Jordan 2050 1020 
Libya 2010 1040 
U.A. Emirates 1980 910 
Israel 1930 1010 
Syria 1910 1040 
Malta 1900 1040 
Morocco 1860 960 
Algeria 1840 950 
Tunisia 1750 980 


energy is energy sources that cannot replenish in the near future 
such as coal, petroleum and natural gas. Renewable and non- 
renewable energy sources can be used to produce secondary energy 
sources including electricity and hydrogen 

This section presents a review of the possible systems that can 
be used for renewable energy collection and transformation into 
usable energy, which may be used to power desalination equip- 
ment. These cover solar energy which includes thermal collectors, 
solar ponds and photovoltaic, wind energy and geothermal energy. 
Solar energy thermal collectors include stationary and tracking 
collectors. Stationary collectors include the flat-plate and the evac- 
uated tube, whereas concentrating collectors are further divided 
into imaging and non-imaging collectors like the parabolic trough 
and compound parabolic, respectively. 

Today, there exist many large solar plants with outputg 
range of MW for producing electricity or process heat. The fir 
mercial solar plant was installed in Albuquerque, New Mexico 
in 1979. It consisted of 220 heliostats and had an output of 5 


or electrical energy [22,23]. 


3.1. Potential of solar energy 


all electricity could 
the potential sourc 
plants are considered 


solar energy available (kWh/m2) 
in some countries is given in Table 5 
[24]. The fo ill outline various existing solar tech- 


nologies [22, 
3.2. Photovoltaic (PV) energy 


Photovoltaic cells are semi-conductor devices, which converts 
sunlight energy directly to electrical energy. Conventional photo- 
voltaic cells are made of crystalline silicon that has atoms arranged 
in a three dimensional array, making it an efficient semiconductor. 
Although, this material is most commonly used for generation of 
electricity, it also has associated drawbacks, such as high material 
costs for silicon, costly processes for purifying silicon and manufac- 
turing wafer, additional processes for assembly of modules and the 
bulky and rigid nature of the photovoltaic panels. Fig. 15 depicts a 
typical PV cell under illumination [22]. 
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Fig. 15. Photovoltaic cell 


[22]. The first pract} 
power is available. 
and as a result requires 


r more thin layers of semi-conducting 
silicon. When the silicon is exposed to 
arges are generated and this can be conducted 
tacts as direct current (DC). The electrical output 


V panel is the principle building block of a PV system and 
ny M&mber of panels can be connected together to give the desired 
electrical output. This modular structure is a considerable advan- 
tage of the PV system, where further panels can be added to an 
existing system as required. 

Photovoltaic (PV) cells are made of various semiconductors, 
which are materials that are only moderately good conductors of 
electricity. The materials most commonly used are silicon (Si) and 
compounds of cadmium sulphide (CdS), cuprous sulphide (Cuz2S), 
and gallium arsenide (GaAs). These cells are packed into modules 
which produce a specific voltage and current when illuminated. 
PV modules can be connected in series or in parallel to produce 
larger voltages or currents. Photovoltaic systems can be used inde- 
pendently or in conjunction with other electrical power sources. 
Applications powered by PV systems include communications 
(both on earth and in space), remote power, remote monitoring, 
lighting, water pumping and battery charging. The global installed 
capacity of photovoltaic at the end of 2002 was near 2 GW, [22]. 

PV applications are: either Stand-alone applications or Grid- 
connected systems. Standalone PV systems are used in areas that 
are not easily accessible or have no access to main electricity. 
A standalone system is independent of the electricity grid, with 
the energy produced normally being stored in batteries. A typical 
stand-alone system would consist of PV module or modules, bat- 
teries and charge controller. An inverter may also be included in 
the system to convert the direct current (DC) generated by the PV 
modules to alternating current (AC) required by normal appliances. 

For grid-connected systems. Nowadays, it is usual practice to 
connect PV systems to the local electricity network. This means 
that during the day, the electricity generated by the PV system can 
either be used immediately (which is normal for systems installed 
in offices, other commercial buildings and industrial applications), 
or can be sold to one of the electricity supply companies (which is 
more common for domestic systems, where the occupier may be 
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out during the day). In the evening, when the solar system is unable 
to provide the electricity required, power can be bought back from 
the network. In effect, the grid is acting as an energy storage sys- 
tem, which means the PV system does not need to include battery 
storage. 

For PV system configuration. The PV array consists of a number 
of individual photovoltaic modules connected together to give a 
suitable current and voltage output. 

Common power modules have a rated power output of around 
50-80 W each. As an example, a small system of 1.5-2 kWp may 
therefore comprise some 20-30 modules covering an area of 
around 15-25 m2, depending on the technology used and the ori- 
entation of the array with respect to the sun. 

Most power modules deliver direct current (DC) electricity at 12 
volts (V), whereas most common household appliances and indus- 
trial processes operate with alternating current (AC) at 240 or 415 V 
(120V in the United States). Therefore, an inverter is used to con- 
vert the low voltage DC to higher voltage AC. Numerous types of 
inverters are available, but not all are suitable for use when feeding 
power back into the mains supply. 

Other components in a typical grid-connected PV system are 
the array mounting structure and the various cables and switches 
needed to ensure that the PV generator can be isolated. 

Attractiveness of the PV technology is low maintenance, and 
no pollution, and has positioned PV to be the preferred power 
technology for many remote applications for both space and on 
the ground. Photovoltaic (PV) technology is expected to be a lead- 
ing technology to solve the issues concerning the energy and the 
global environment due to several advantages of the PV system. The 
installed, unsubsidized costs, now coming close to $0.2/kWh in the 
best applications while average electric rates from utilities are 
than $0.1/kWh [22,23]. Although, photovoltaic electricity is t 
to five times more expensive than other conventional grid po 
systems, PVi is turning into a mainstream. The average cost for 


ature rise as well as aging, w, 
device’s internal leakage c 


ells are made from very pure mono- 
crystalline silico g silicon has a single and continuous crystal 
lattice structure wi Aost no defects or impurities. The principle 
advantage of mono-cfystalline cells is their high efficiency, typ- 
ically around 15%, although the manufacturing process required 
to produce mono-crystalline silicon is complicated, resulting in 
slightly higher costs than other technologies. 

Multi-crystalline silicon cells are produced using numerous 
grains of mono-crystalline silicon. In the manufacturing process, 
molten polycrystalline silicon is cast into ingots; these ingots are 
then cut into very thin wafers and assembled into complete cells. 
Due to the simpler manufacturing process, multi-crystalline cells 
are cheaper to produce than mono-crystalline ones. However, they 
tend to be slightly less efficient, with average efficiencies of around 
12%. 


Amorphous silicon cells are composed of silicon atoms in a thin 
homogenous layer rather than a crystal structure. Amorphous sili- 
con absorbs light more effectively than crystalline silicon, so the 
cells can be thinner. For this reason, amorphous silicon is also 
known as a ‘thin film’ PV technology. Amorphous silicon can be 
deposited on a wide range of substrates, both rigid and flexible, 
which makes it ideal for curved surfaces and ‘fold-away’ modules. 
Amorphous cells are, however, less efficient than crystalline based 
cells, with typical efficiencies of around 6%, but they are easier and 
therefore cheaper to produce. Their low cost makes them ideally 
suited for many applications, where high efficiency is not required 
and low cost is important. Amorphous silicon @ Si) is is a glassy alloy 


2. Amorphous silicon absor 
avery thin active solar 


y on inexpensive sup- 
, or plastic foil. 


romising materials such as cadmium 
ium diselenide (Cu In Sez) are now 


anufactured by relatively inexpensive indus- 
mparison to crystalline silicon technologies, 


tovoltaic panels or modules are designed for outdoor use in 
h conditions as marine, tropic, arctic, and desert envi- 
. The choice of the photovoltaically active material can 
ave important effects on system design and performance. Both the 
omposition of the material and its atomic structure are influential. 
The atomic structure of a PV cell can be single-crystal (mono- 
crystalline), multi-crystalline, or amorphous. The most commonly 
produced PV material is crystalline silicon, either polycrystalline or 
in single-crystals. 

A module is a collection of PV cells that protects the cells and 
provides a usable operating voltage. PV cells can be fragile and 
susceptible to corrosion by humidity or fingerprints and can have 
delicate wire leads. Also, the operating voltage of a single PV cell is 
less than 1V, making it unusable for many applications. Depend- 
ing on the manufacturer and the type of PV material, modules have 
different appearances and performance characteristics. Also, mod- 
ules may be designed for specific conditions, such as hot and humid 
climates. Nowadays, the panels come in a variety of shapes like 
roof-tiles made from amorphous silicon solar cells. 

Usually, the cells are series-connected to other cells to produce 
an operating voltage around 14-16 V. These strings of cells are then 
encapsulated with a polymer, a front glass cover, and a back mate- 
rial. Also, a junction box is attached at the back of the module for 
convenient wiring to other modules or other electrical equipment. 

Cells made of amorphous silicon, cadmium telluride, or copper 
indium diselenide are manufactured on large pieces of material that 
become either the front or the back of the module. A large area of 
PV material is divided into smaller cells by scribing or cutting the 
material into electrically isolated cells. 

It is evident that since the past 15-20 years various thin- 
film technologies have been under development for reducing the 
amount of light absorbing material required in producing a solar 
cell. Since silicon is the key contributor to the cost of PV technol- 
ogy, using less silicon will have a considerable effect on the cost 
reduction of the PV technology. 
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Conversion efficiency is one major metric for solar material, 
which represents how much of the sun’s energy the material can 
convert into electricity. Today, the laboratory efficiency of the 
amorphous silicon (a-Si) is 12.3%, cadmium telluride (CdTe) is 16.5% 
and copper indium gallium selenide (CIGS) is 19.9% [22,23]. 

Advantages of Thin Film Technologies over Conventional Crys- 
talline Silicon are lower cost of production than conventional 
silicon processes, lower production facility cost per watt, use of 
far less material, as little as 1/500th the amount used in standard 
silicon cells, and lower energy payback. It also produces more use- 
able power per rated watt, provides superior performance in hot 
and overcast climates, has the ability to be attractively integrated 
into buildings and produces the lowest cost of power. The thin-film 
module manufacturing cost decreased to 98 cents per watt, break- 
ing the $1 per watt price barrier [22,23]. Although, thin-film cells 
are not as efficient as conventional crystalline silicon-especially as 
they are not used in tandem devices, it is believed that thin-film 
will be a dominant PV technology in the future. Many also believe 
that, the likelihood of significant reduction of module cost has many 
opportunities to increase the efficiency that surely will reduce the 
overall cost of thin-film technology. 


3.4. Concentrating photovoltaic 


Concentrating photovoltaic (CPV) systems uses a large area of 
lenses or mirrors to focus a large area of sunlight on a small photo- 
voltaic cells, which converts sunlight energy into electrical energy 
in the same way that the conventional photovoltaic technology 
does The attractiveness of the CPV technology over the standard PV 
technology is that it uses less semi-conducting material by re 
ing most of the PV cell area with a set of reflectors in o 
reduce the cost. Additionally, increasing the concentratio 
will improve the performance of general photovoltaic materid 
shown in Fig. 16. 

Concentrating photovoltaic technology o 
advantages [9]: 


Potential for solar cell efficiencies 
No moving parts. 
No intervening heat transfe 


Fig. 16. A concentrating photovoltaic system uses a dense array of high-efficiency 
silicon cells [22]. 
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Despite the advantages of CPV technologies, their application 
has been limited by the complexity and due to the cost of focusing, 
tracking and cooling equipment; it is now only reaching com- 
mercial viability. Even if using expensive cells, a CPV system with 
concentration ratio of 500 (or 500 suns) generally uses 1/500, the 
amount of PV cell surface area as does conventional PV. So the 
price of the PV cell constitutes a smaller cost consideration for 
CPV. Energy Innovations and SolFocus are two leading companies 
pursuing serious research efforts in CPV technology. SolFocus Com- 
pany offered the cost of its Gen1 CPV system to become as low as 
$1/W at 1 GW production level [9]. Further, SolFocus Gen2 systems 
are expected to achieve 26% efficiency anda record cost less than 
$0.50/W [22,23]. 


4. Concentrating solar therma 
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Fig. 17. Principle of a concentrated solar collector. 


Concentrating Solar 
Collector Field 


Electricity 
Power Cycle 
y Steam 


Fig. 18. Principle of a concentrating solar thermal power station for co-generation 
of electricity and process steam. 
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Fig. 19. Concentrating solar collector technology mainstreams: parabolic trough 
(top left), linear Fresnel (bottom left), central receiver solar tower (top right), and 
dish-Stirling engine (bottom right) [33]. 


Table 6 

Cost of concentrated solar-thermal-electric technologies [22]. 
Specification/type Solar Parabolic Solar power 

dish-engine trough tower 

Standard plant size, MW 2.5-100 100 100 
Max efficiency, % 30 24 22 
Specific power, W/m? 200 300 300 
Basic plant cost, $/W 2.65 3.22 3.62 
Total US installation, MW 0.118 354 
Largest unit in the USA, MW 0.025 80 
Demonstrated system, h 80,000 


For concentration of t 
flat glass mirrors becau 
ing and line focusing co 
These systems can_only 
but not the diff 


by mirrors. asier to handle than point 
concentr. wer concentration factor and 
hence ach es than point focusing systems. 


ystems will typically be connected to 
ions, while point concentrating systems are 
riving gas turbines or combustion engines. 
drison of the main features of solar thermal 


Therefore, liné 
steam cycle pow. 
additionally capabi 
Table 6 gives a comp 
power technologies. 


5. Different combination between RES and desalination 
systems 


There are numerous renewable energy sources (RES)—-desali- 
nation combinations have been identified and tested in the 
framework of ongoing research for innovative desalination pro- 
cesses [1,2,22]. Table 7 and Fig. 20 show the distribution of 
renewable energy powered desalination technologies [1]. Energy 
requirement in the form of thermal as well as electrical energy 


Wind-MVC 
5% 


Solar-MED 
13% 
PV-ED 
6% 
Solar-MSF 
6% Wind-RO 

19% 


Hybrid 
4% 


Fig. 20. Distribution of renewable energy powered desalination technologies [1]. 


two PV driven membrane processes, reverse 
electro-dialysis (ED). Both techniques are 
from a technical point of view, PV as well as RO 
ercially available technologies. At present time, 
ibility of PV-powered RO or ED systems, as valid options 
tion at remote sites, has also been proven [2]. Indeed, 
re are commercially available standalone, PV powered desalina- 
ion systems [2]. The main problem of these technologies is the high 
ost and, for the time being, the availability of PV cells. Many of the 
arly PV-RO demonstration systems were essentially a standard 
RO system, which might have been designed for diesel or mains 
power, but powered from batteries that were charged by PV. This 
approach tends to require a rather large PV array for a given flow of 
product, due to poor efficiencies both in the standard RO systems 
and in the batteries. Large PV arrays and regular replacement of 
batteries would tend to make the cost of water from such systems 
rather high. Table 8 shows a selection of some brackish-water PV 
powered RO system. 

Fig. 22 shows diagram of photovoltaic-powered reverse- 
osmosis (PV-RO) system to desalinate seawater without batteries. 
The system is operated from seawater and requires no batteries, 
since the rate of production of freshwater varies throughout the day 
according to the available solar power. Initial testing of the system, 
with the modest solar resource available in the UK, provided fresh- 
water at approximately, 1.5 m3/day. Nearer to the equator and with 


MED ED other 


3% 3% 


MSF 
40% 


45% 


Fig. 21. Global installed desalting capacity by process [1]. 
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Table 7 
General combinations technologies of RES and desalination methods [1]. 

Renewable energy sources 

1-Solar 2-Wind 3-Geothermal 

PV Solar thermal Shaft Electricity Electricity Heat 

Electricity Heat Shaft Electricity 

RO ED MVC TVC MED MSF MVC MVC MVC RO RO ED MVC RO ED MVC TVC MED MSF 
Table 8 


Selection of some brackish-water PV-RO systems [1]. 


Location 


Feed water (ppm) 


Capacity (m?/day) 


PV (kWp) Battery (kWh) 


Sadous Riyadh {Saudi Arabia} 5800 15 

Haifa {Israel) 5000 3 

Elhamrawie {Egypt} 3500 53 

Heelat ar Rakah {Oman} 1000 5 : ; 
White Cliffs {Australia} 3500 0.5 None 
Solarflow {Australia} 5000 0.4 None 


Table 9 
Water cost for desalination by renewable energies [25]. 


Combination Water Plant capacity (m? /day) Year 
PV/BAT/RO Seawater 12 1996 
PV/BAT/RO 120 1996 
PV/BAT/RO Brackish water 250 1991 
PV/RO Seawater 1:5 2003 
WIND/BAT/RO Brackish water 250 2003 
WIND/GRID/RO Seawater 300 2002 
PV/GRID/RO Seawater 2005 


a PV array of only 2.4 kWp, a software model of the system 
production of over 3 m?/day throughout the year [1]. 


5.2. Concentrating solar thermal driven desalinatig 


The different configurations for desali 
solar power are shown in Fig. 23(a-c). 
A conceptual layout for a solar di 
generation and RO desalination is 
The low temperature waste 


Beach-well 


Fig. 22. PV-RO system to desalinate seawater without batteries [1]. 


1s used primarily to power a steam turbine and gen- 
ectricity, but is also extracted from the turbine (at reduced 
e and temperature) and used to drive a booster pump, which 
provides part of the RO high pressure pumping demand. 


5.3. Wind energy and RO (WIND/RO) 


The electrical or mechanical energy required as primary energy 
input for the RO unit can be provided from a single wind turbine 
or a wind farm. However, reverse osmosis is the preferred technol- 
ogy due to the low specific energy consumption [1,2,25]. Because 
of the variability of wind speed, it is difficult to predict the energy 
output. So, appropriate power control and conditioning systems 
are required in order to match the ratio of power input to desalina- 
tion load. The design of the control system is the most critical step 
in the design of a desalination RO unit powered by wind energy. 
There were a number of attempts to combine wind energy to the 
RO process. Several units have been installed and tested worldwide, 
however, these studies remain at the research level [26-30]. There- 
fore, this area suffers from lack of information and data in terms of 
expertise. On the other hand, the prospects of this combination are 
promising, mainly due to the low cost of wind energy, see Table 9. 

Remote areas with potential of wind energy resources such as 
islands can employ wind energy systems to power seawater desali- 
nation for fresh water production. The advantage of such systems 
is a reduced water production cost compared to the costs of trans- 
porting the water to the islands or to using conventional fuels 
as power source. Different approaches for wind/desalination sys- 
tems are possible. First, the wind turbines/desalination system are 
connected to a grid system. The second option is based on direct 
coupling of the wind turbine(s) and the desalination system. In this 
case, the desalination system is affected by power variations and 
interruptions caused by the power source (wind). These power vari- 
ations, however, have an adverse effect on the performance and 
component life of certain desalination equipment. Hence, backup 
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(a) Ut Electricity to Fresh water 
Solar Field i Storage 
solar Supemanled 
heat 
Aquaculture and 
/ or evaporation 
ponds 
Fig. 24. Combined dish based solar thermal f generation a desalination 
Water Power [1]. 
Heat only. 
(b) Water recovery (perme Qu water%) can go 


as high as 90.95% in 


water. Low recovery 
sea, like the Red Sea or 


Solar Field i Storage 


solar 
heat 


ay-plant connected to a hybrid wind-diesel 
in Drepanon, Achaia, near Patras (Greece), the 
ind powered RO system started in 1995 [2]. 
ommission (1998) presented other facilities at: 


Suderoog (North Sea), with 6-9 m3/day; 

y Ile du Planier, France Pacific Islands, with 0.5 m3/h; 

c. Island of Helgoland, Germany (2.4 m?/h); 

Island of St. Nicolas, West France (hybrid wind-diesel) and 
e. Island of Drenec, France (10 kW wind energy converter). 


Water Power 


Power only. 


Solar Field al 
solar 


(c) 


In addition, interesting experimental research about the direct 
coupling of a wind energy system and a RO unit by means of shaft 
power has been carried out at the Canary Islands. Also, in Coconut 
Island (Oahu, Hawai), a brackish water desalination wind-powered 
RO plant was analyzed. The system was coupling directly the shaft 
power of a windmill with the high pressure pump. The result was 
13 L/min can be maintained for wind speed of 5 m/s [2]. 

The ED process is interesting for brackish water desalination 
since it is able to adapt to changes of available wind power and 
it is most suitable for remote areas than RO. Modeling and exper- 
imental tests results of one of such system installed at the Gran 
Canaria, Spain is presented by [2]. The capacity range of this plant 
was 192-72 m3/day. 


Power 
ombined heat and power. 


Fig. 23. (a) Heat only. er only. (c) Combined heat and power. Different 


configurations for desalinafYon by concentrated solar power [33]. post Wiens 
‘ost ireal ni 


Low pressure pump Pre-treatment 


systems, such as batteries, diesel generators, or flywheels might be 
integrated into the system. Fig. 25 shows a schematic presentation 
of an RO desalination plant. The process takes place in ambient 
temperature. The only electrical energy required is for pumping 
the water to a relatively high operating pressure. The use of special 
turbines is for energy recovery from concentrate pressure. Operat- 
ing pressures vary between 10 and 25 bars for brackish water and 
50-80 bars for seawater. High pressure is needed to allow sufficient 
permeation at relatively high concentrations of the concentrat- 
ing brine along the membrane axis located in the pressure vessel. Fig. 25. Schematic presentation of a reverse osmosis desalination plant [1]. 


Feed water Product water 


High pressure pump 
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5.4. Hybrid units (PV/wind/batteries/RO) 


Another interesting RES/RO configuration is the hybrid 
PV/wind/batteries/RO systems which have greater flexibility com- 
pared to previous configurations. Weiner et al. [31] studied, 
experimentally and numerically, an autonomous desalination plant 
with a capacity of 9m?/day supplied by solar photovoltaic and 
wind. A specially adapted code was developed to simulate the 
facility operation to allow an appropriate choice of components. 
The code continuously updates water level in the tank and bat- 
tery charge state. Based on these two variables, a logical decision 
tree was designed to determine whether the combination of 
solar and wind energy can meet the burden of the unit or if an 
additional energy must be supplied by batteries or a generator 
auxiliary (diesel engine). Kershman et al. [32] investigated a sea- 
water reverse osmosis (SWRO) powered from renewable energy 
sources (hybrid PV/wind/grid/RO) for small-scale desalination in 
Libya (300 m?/day). While the expected nominal power load for the 
operation of the RO desalination system is 70 kW (net power after 
recovery), the solar PV system is designed for 50 kKWpyeax and the 
wind energy conversion for 200 kW nominal output. The objective 
of this investigation was a reduction of the non-renewable energy 
consumption to about 40%. 


6. Economic analysis 


The economic analysis made in this section is based on the use 
of the life cycle cost (LCC). The life cycle cost is an economic assess- 
ment of the cost for a number of alternatives by taking into account 
all significant costs over the lifetime of each alternative, a 
each option’s costs for every year and discounting them b 
common base. These costs can be categorized into two type 


(i) recurring cost (operation cost and maintenan 
(ii) non-recurring cost (batteries and replacer 


Cost analysis of autonomous desalina 
ally aims to estimate the cost of a lit er 


quire high initial capital investment 
gw capacity plants. But due to the economy of 
pduction cost for large capacity plants can be 


compared 
scale, the u 
lower [1,2]. 

(iii) Site characteristics where it can affect water production cost 
such as availability of land and land condition, the proximity of 
plant location to water source and concentrate discharge point 
is another factor. Pumping cost and costs of pipe installation will 
be substantially reduced if the plant is located near the water 
source and if the plants concentrate is discharged to a nearby 
water body. 

(iv) Costs associated with water intake, pretreatment, and concen- 
trate disposal can be substantially reduced if the plant is an 
expansion of an existing water treatment plant as compared to 
constructing a new plant. 


Table 10 
Percent distribution of cost factors [1]. 


Cost name Brackish water (%) Seawater (%) 
Fixed costs 54 37 
Electric power 11 44 
Labor 9 4 
Membrane replacement 7 5 
Maintenance and parts 9 7 
Chemicals 10 3 


(v) Regulatory requirements which associated with meeting 
local/state permits and regulatory re 


at an aggregated level because t 
of variables specific to each si 


iary equipment, build- 
desalination technology, 
environmental regulations). 
is usually estimated as percentages of the 
irect costs may include freight and insur- 


costs. Fixed costs include insurance and amorti- 
ly, insurance cost is estimated as 0.5% of the total 


eas A as 20%. The cost for maintenance and spare parts 
is typically less than 2% of the total capital cost on an annual basis 
ue 

Table 10 shows the percent cost of various factors for desali- 
nation of brackish water and seawater in RO plants. These data 
are reported in the Sandia National Laboratories report. It can be 
observed from these data, that: 


(i) The fixed costs are a major factor for both, brackish water and 
seawater. 

(ii) The major difference in cost between desalination of brackish 
water and seawater is energy consumption, while the remain- 
ing factors are decreased proportionally. 

(iii) Costs associated with membrane replacement, maintenance & 
parts and consumables are relatively small. These costs depend 
on the status of technology and may be further reduced as 
technology evolves, but will not have significant impact on the 
overall cost of desalination. 


The cost and energy figures have been estimated by many 
authors. The summary is given below as reviewed and reported 
by Eltawil et al. [1]: 


1. The solar still distillation system can produce water for $20/m? 
(1994), while other researcher estimated solar distilled water 
production costs as low as $2.4/m?. Recent improvements in 
solar distillation technology make it the ideal technology for 
remote isolated areas with a water demand less than 50 m? /day. 
All other technologies are more expensive at this small scale. 
While other researcher believes that solar stills are the technol- 
ogy of choice for water production needs up to 200 m3/day. 

2. The dominant competing process is RO that has an energy 
requirement of between 6 and 10 kWh/m? of water treated and 
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Membrane 


Electrical 
energy 
44% 


Fig. 26. Typical cost structure for RO desalination of seawater [1]. 


investment costs of between US$600 and US$2000/m? of pro- 
duction capacity [2]. 

3. The RO technologies with energy recovery systems require the 
least amount of energy to process seawater (4-6 kWh/m?) com- 
pared to all other technologies. If brackish water is included as 
a potential input, then the energy requirements for RO drop sig- 
nificantly and are basically equivalent to (0.5-2.5 kWh/m?). 


Using ED treatment for brackish water Comparison of typical 
costs for seawater desalination by RO and typical thermal processes 
have shown that for RO, the largest cost reduction potential lies in 
capital costs and energy costs (Fig. 26). For a typical large-scale 
thermal desalination plant, energy cost represents 59% of the typ- 
ical water costs with the other major expense being capital 
(Fig. 27). It would seem that the most effective cost redu 
for thermal desalination can be achieved by utilizing alternat 
sources of heat or energy, such as dual purpose plants. 

In addition, the development of less costly a 
resistant heat transfer surfaces could reduce h 
energy costs [1]. There is more detailed cost cog 
the different desalination technologies are gi 

The data show that the costs of RO syst 


the presented data. 
considerable share on 


ame of a solar thermal power plant 


Personnel 
6% Capital 
32% 


Electrical 
energy 
9% 


Thermal 
50% 


Fig. 27. Typical cost structure for large thermal desalination of seawater [1]. 


Table 11 
Unit product costs for conventional and novel desalination processes by capacity 


[1]. 
System, type 


Capacity millions Unit product cost 


gallons/day $Cent/gallon 
I-Novel processes 
MEE-VS, 30 effects, 90.53 0.182 
aluminum alloy, fluted tubes 
MEE-ABS, absorption heat 2.5 0.133 
pump and gas turbine 
Il-Mechanical vapor 0.03 
compression (MVC) 0.13 
1.06 
1.2 
5.28 
Ill-Reverse osmosis 
Single stage 5.28 


Two stage 


urbine, waste-heat 


Single purpose 5.85 0.886 
Dual-purpose 5.85 0.496 


is in the order of 0.5 years, while the economic lifetime is at least 
25 years [2]. 

Life cycle emissions of greenhouse gases amount to 
0.010-0.015 kg/kWh, which is very low in comparison to those 
of gas fired combined cycles (0.500 kg/kWh) or steam/coal power 
plants (0.900 kg/kWh). 


7. Decision support tool (DST) 


To aid the process of cost calculation for a specific desalination 
technology, a decision support tool (DST) software is used for cost 
estimation during any project. For analysis, the DST authors [1] sug- 
gested to divide the cost of ADS into following categories as follows 
(Fig. 28): 


(3) Renewable 


Energy 
Conversion & 


Storage 


(1) Feed (2) 


(4) Brine 
Water & Pre Desalination Disposal 


Treatment Unit 


Fig. 28. DST cost categories [1]. 
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i. Cost of feed water system and pre-treatment, including all nec- 
essary investment and related expenses required for the supply 
of brackish or seawater to the desalination main system. 

ii. Cost of desalination unit itself. 

iii. Cost of supporting source (RES), supplying all the energy needs 
for the desalination unit, feed water pumps and brine disposal. 

iv. Cost of brine water disposal, which could be anything from min- 
imal to very expensive depending upon specific conditions. 

v. Other costs. Most of the above categories have (a) an investment 
and (b) a running cost. The investment cot reflects the annual 
cost of purchasing and installing equipment or other fixed asset, 
while the running cost relates to annual expenses and the cost of 
various consumables which are necessary. The cost per liter or 
m? of fresh water is estimated by dividing the sum total annu- 
alized investment plus running costs of all categories by the 
volume of fresh water produced. 


It should be noted, that for a given ADS technology, cost analysis 
is a site-specific and usually cannot be generalized for applications 
in other situations. As a general rule, the cost of the produced water 
by ADS is normally higher than conventional desalination tech- 
nologies driven by network electricity or conventional fuel thermal 
energy. However, in the remote areas far from electricity, fuel and 
fresh water resources as well as areas where the economic driven is 
tourism, the water price is acceptable. The developments currently 
underway suggest that ADS applications are going to become more 
wide spread. 

An effective integration of desalination and renewable energy 
technologies will allow countries to address water shortage prob- 
lems with a domestic energy source that does not produ i 
pollution or contribute to the global problem of climate 
Meanwhile the costs of desalination and renewable ener: 
tems are steadily decreasing, while fuel prices are rising an 
supplies are decreasing. Finally, the desalination uj 
renewable energy systems are uniquely suited 
and electricity in remote areas where water, 
tructure is currently lacking. 


8. Conclusion 


emerging and stressin 

For low-density 
fresh water as wel 
fore, the cheap fresh 
and oceans 
emerging 


cells to membrane processes in 
alternative for stand-alone desali- 
remote areas. Nevertheless, if wind power is 
lower energy cost than solar PV energy. For 
brackish water d ation, both of RO and ED powered by wind 
turbines are usually the best selection. Nevertheless, solar distil- 
lation may be advantageous for seawater desalination, although 
other renewable energy resources have to be taken into account. 

Geothermal energy is suitable for different desalination process 
at reasonable cost wherever a proper geothermal source is avail- 
able because there is no energy storage is required. Moreover, other 
systems require further analysis for evaluating their potentials of 
development, applications and performance. 

The most attractive technologies of renewable energy applica- 
tion in desalination are wind and PV-driven membrane processes 
and direct and indirect solar distillation. Nevertheless, the coupling 
of renewable energy and desalination systems has to be optimized. 


available, it € 


Also, the new pretreatments may improve the performance by per- 
mitting a considerable increase of the operating temperature in 
distillation plants. 

Environmental issues are associated with brine concentrate 
disposal, energy consumption and associated greenhouse gas pro- 
duction. On the other hand, social issues may include the public 
acceptance of using recycled water for domestic dual-pipe systems, 
industrial and agricultural purposes. 


Appendix A. Glossary 


Brackish: Water that typically coy 


Brine: Water that contains gre 
discharges from desalination 


by using “waste heat 
pose, for example 


rocess of desalination where the water is heated 
The steam is then condensed to produce product 
It concentration. 


termediate area becomes depleted of impurities and dis- 
charges a purified stream of product water. This technology is used 
primarily for brackish waters. 

Feedwater: Water fed to the desalination equipment. This can be 
source water with or without pretreatment. 

Fouling: Contamination or biological growth on the reverse 
osmosis membranes or pretreatment filters. 

Freshwater: Water that contains less than 1000 milligrams per 
liter (mg/L) of dissolved solids; generally, more than 500 mg/L of 
dissolved solids is undesirable for drinking and many industrial 
uses. 

High-pressure differential pressure (HP DP): The pressure at the 
high-pressure inlet port of the PX device minus the pressure at the 
high-pressure outlet port of the PX device. 

Infiltration gallery: A method used for the area where seawater 
enters the SWRD process. Perforated pipes are arranged in a radial 
pattern in the sand onshore below the water level. Water in the 
saturated sand enters the perforated pipes. 

Ion exchange: A reversible water treatment process. A charged 
polymer exchanges Na*, H*, Cl-, or OH- for other ions in a solution. 

Multiple effect distillation (MED): A form of distillation. Evapo- 
rators are placed in series, and vapor from one effect is used to 
evaporate water in the next lower pressure effect. There are several 
forms of this technology, one of the most common is the vertical 
tube evaporator (VTE). 

Multistage flash (MSF): A form of distillation. Intake water is 
heated then discharged into a chamber maintained slightly below 
the saturation vapor pressure of the incoming water, so that a frac- 
tion of the water content flashes into steam. The steam condenses 
on the exterior surface of heat transfer tubing and becomes prod- 
uct water. The unflashed brine enters another chamber at a lower 
pressure, where a portion flashes to steam. Each evaporation and 
condensation chamber is called a stage. 
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Nanofiltration (NF): A lower pressure membrane filtration tech- 
nology sometimes used for pretreating reverse osmosis feed-water. 

Permeate: Water purified by a reverse osmosis membrane. 

Product water: The desalted, post-treated water (or permeate) 
delivered to the water distribution system. 

Recovery: Ratio of permeate to membrane feed flows, typically 
expressed as a percentage. 

Reverse osmosis (RO): A process where pressure is applied 
continuously to feedwater, forcing water molecules through a 
semi-permeable membrane. Water that passes through the mem- 
brane leaves the unit as permeate or product water; most of the 
dissolved impurities remain behind and are discharged in a con- 
centrated brine or waste stream. 

Salinity increase: The increase in the salinity of the membrane 
feed stream caused by the energy recovery device. Salinity increase 
varies with the membrane recovery rate. It is typically expressed 
as a percentage increase of the membrane inlet stream above the 
salinity of the system feed-water according to the following equa- 
tion: 


Salinity increase 


_ membrane inlet salinity — system feed — water salinity 


— x 100% 
system feed — water salinity 


Seawater reverse osmosis (SWRO): Reverse osmosis desalination 
of seawater. 

Scaling: Salt deposits on the surfaces of a membrane. 

Total dissolved solids (TDS): Total salt and calcium carbonate con- 
centration in a sample of water. 

Vacuum freezing (VF): A process of desalination where the tem- 
perature and pressure of the seawater is lowered so that the 
water forms ice crystals. The ice is then washed and melted to 
duce the product water. This technology is still being develop 
and is not commercially viable. 

Vapor compression (VC): A form of distillatio 
feed-water is evaporated, and the vapor is sen 
Mechanical or thermal energy is used to comp. 
increases its temperature. The vapor is t 
product water and the released heat is 
water. 
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